Abstract In February 1993, the group of Klaus Mosbach published their milestone study in Nature where, for the first time, non-covalent molecular imprints were employed in a competitive binding assay. In this seminal piece of work, and also for the first time, they refer to molecularly imprinted polymers as being 'antibody mimics' and hypothesised that these synthetic materials could one day provide 'a useful, general alternative to antibodies'. This perspective article examines how far we have come in the 20 years since this publication in terms of realising this hypothesis and poses the question of whether we actually need molecularly imprinted polymers to be a general alternative to antibodies.
performance. As a consequence, the MIP assay took longer and was more resource intensive than conventional ELISA -type approaches. Nonetheless, should the authors have sought to apply their antibody assay system in the organic phase, under the same experimental conditions in which the MIP assay was shown to be so effective, they would have been met with failure; a point often under-stated when MIP researchers are striving to mimic biological assays. The polymers described in the paper Vlatakis et al. to that of an antibody [2] .
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MIPs seem to have a clear advantage: their preparation is much simpler, quicker and cheaper compared to their natural counterparts, their application range is much wider in terms of solvent, pH and temperature conditions, while their stability over time and reusability are exceptional compared to any other affinity sorbent.
Researchers aiming to capitalise on the benefits listed in Table 2 [5] , food additives or contaminants [6] , pharmaceuticals [7] and drugs of abuse [8, 9] , and the larger molecules with M.W. up to or exceeding 100,000 Da, typically small to medium size peptides and proteins [10] .
possessed a range of binding sites of varying affinities, making them polyclonal as opposed to monoclonal mimics but of course, being simple synthetic polymers, they would have been considerably more stable and more readily prepared than their biological counterparts.
In the 20 years following this milestone publication we have seen a huge increase in the number of researchers involved in the field of molecular imprinting with an associated dramatic increase in the number of publications (Figure 1) Twenty years since 'antibody mimics' by molecular imprinting were first proposed: A critical perspective 37 Conventional bulk imprinting approaches and the synthesis of imprinted soft gels both suffer from inefficient removal of the template and poor mass transfer upon re-incubation with their target species [22] . As a result, efforts have primarily focused on the use of surface imprinting approaches to allow for unhindered access to recognition sites. Early studies employed metal ion co-ordinated imprinting as an approach for the recognition of proteins [23] [24] [25] and although the systems were efficient at rebinding their templates, the application of this imprinting technique is limited to proteins that express histidine residues on their surface. Hierarchical imprinting has also been used to generate recognition elements for peptides. The use of a sacrificial solid support such as silica, allows for the generation of surface confined binding sites that are more homogenous than those in conventional imprinted polymer systems [26, 27] .
This homogeneity arises from the fact that the template is immobilised during the imprinting process, eliminating the probability for random incorporation in the polymer matrix and limiting the number of different possible complexes, however the main drawback of such an approach is the necessity for harsh conditions to bring about removal of the solid support.
In 2000, Rachkov and Minoura demonstrated what is
termed 'the epitope approach' to molecular imprinting for the first time [28, 29] . They imprinted a tetra-peptide sequence from oxytocin, a natural peptidic hormone, in acetonitrile containing 3% water. Importantly, it was found that recognition of the full peptide was possible using the epitopic tetra-peptide MIP, thus demonstrating the feasibility of using epitope sequences as templates when targeting recognition of macromolecules.
However, despite delivering good chromatographic performance with high-acetonitrile mobile phases, when the water content was increased a significant reduction in retention time was observed due to the loss of hydrogen bonding interactions between the template and the polymer. Ken Shea's group further progressed this technique, achieving recognition of larger protein structures (cytochrome C, bovine serum albumin and alcohol dehydrogenase) through the imprinting of a nonapeptide sequence isolated from the C-terminus of the proteins [30] .
Recently, the same group demonstrated the use of molecularly imprinted polymers in an in vivo system for the first time [31] .
The polymers, imprinted with the 26 amino acid peptide mellitin (from bee venom), demonstrated affinities in the picomolar range and comparable to those achieved with antibodies [32, 33] . To achieve such affinities for a biological macromolecule through polymerisation in wholly aqueous conditions is undisputedly a major advancement for the field of molecular imprinting. thermally or photo-chemically polymerised to form a monolithic imprinted polymer [11] . Subsequent grinding, sieving and removal of the template, by solvent extraction, produces a 'plastic antibody' [12] in relatively good yields, short preparation time and at low cost. Conversely, antibody production is time and resource intensive, giving rise to an expensive product where reproducibility and consistency are increasingly of concern. Despite an ever growing demand, serviced by abundant commercial suppliers, significant quality issues concerning both antigen origin and antibody characterisation, have as yet to be addressed [13, 14] . An important point to consider when discussing antibody production and supply is immunogenicity. This is a propensity for an antigen to stimulate an immune response in a host animal that is in general a function of molecular weight. Therefore, whereas conventional molecular imprinting favours antigens (templates) with M.W. < 1000, antibody production generally requires antigens with molecular weights exceeding 6,000 Da [15] .
With the aim of producing more 'antibody-like' materials, researchers have invested considerable effort in developing water-compatible MIPs to facilitate their direct application in the analysis of aqueous samples, including samples of biological origin, thus minimising sample pre-treatment and doing away with non-polar organic solvent extraction steps from assay protocols. This has been achieved by the use of hydrophilic building blocks, post-modification of the materials by grafting of hydrophilic layers or chemical passivation [16] or, in more ambitious cases, by imprinting directly in water using watersoluble monomers and cross-linkers [17, 18] . Such materials have been shown to outperform their biological counterparts in real sample applications, as they are capable of retaining their function in environments that fall outside of normal physiological conditions e.g. extremes temperatures and pH values [19] .
To date, the imprinting of larger molecules, biological macromolecules being the most important member in this category, has been hindered by a number of complicating factors. The size, complexity, conformational flexibility and environmental sensitivity of such molecules, coupled with poor target specificity and the lack of recognition by conventional imprinted polymers outside organic media, has made this area of molecular imprinting particularly challenging and is one where true antibody mimicry is quite some way off. However, some success has been achieved in the field through careful design and optimisation of the imprinted system [18, 20, 21] . [4] In conclusion, MIPs and antibodies have co-existed for the past decades as two discrete types of receptors, each with its own advantages and disadvantages. For the time being it appears that they cannot, and perhaps should not, converge but simply continue to complement each other. Conceivably, in the not too distant future, a researcher will be able to choose their receptor of choice, synthetic or natural, depending on their desired application. After all, both MIPs and antibodies have been applied in affinity-based extractions, separations and sensing with varying degrees of success so that one should not have to completely replace one with the other, just pick whichever best solves the problem at hand.
By no means should this be considered as a failure for the field of molecular imprinting. Nature has perfected a remarkably rapid, highly adaptable and specific antibody production mechanism over millions of years of evolution, using combinations of around 20 building blocks. Yet, after just a few decades of research, man-made receptors, typically built using not more than two functional monomers, are now readily available that in many cases are capable of outperforming their natural counterparts.
Given that the synthetic chemist's palette includes many more options coupled with the ingenuity and imagination exhibited by the multidisciplinary imprinting community over the past 20 years, we have every reason to believe that the full potential of molecular imprinting is yet to be revealed and look forward to the exciting future of this technology.
